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ABSTRACT
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Biopolymers interactions have been widely studied to understand their impact on the texture and
shelf life of food products. The effect of addition of sodium caseinate on the physical and
rheological properties of solutions containing poly-glucose compounds (dextran, maltodextrin), at
neutral pH and varying biopolymer concentrations, have been investigated. Through a combination
of characterization tools, the properties for the mixed biopolymer systems are correlated to the
nature of the interactions between the two biopolymers involved.

For systems containing sodium caseinate and dextran, biopolymer incompatibility, leading to
phase separation, was observed as there were minimal changes detected in the particle size and the
turbidity of the mixed systems, as compared to the individual biopolymer solutions. Weak
associative interactions between the biopolymers were also confirmed through studies using
Isothermal Titration Calorimetry (ITC). For systems containing high concentrations of the two
biopolymers, upon centrifugation, phase separation was confirmed using a combination of
viscometer, carbohydrate and protein analysis, with the bottom phase found to be protein-rich,
while the top phase, the polysaccharide-rich phase.

In case of systems containing sodium caseinate and maltodextrin, at lower concentrations of
sodium caseinate, a monophasic system was observed, while at higher concentrations of
maltodextrin and sodium caseinate, a biphasic system, resulting from incompatibility between the
biopolymer species, was confirmed using a combination of chemical analysis and viscometer
studies. This work has demonstrated, using a model system of sodium caseinate and
dextran/maltodextrin that thermodynamic incompatibility between the conformationally dissimilar
species promotes an early phase separation in solution.
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CHAPTER 1. LITERATURE REVIEW
1.1. Introduction
Proteins and polysaccharides are key and integral components present in many food systems.
Characteristics of food systems greatly depend on the properties of the individual proteins and
polysaccharides and their interaction behavior (Goh, Sarkar, & Singh, 2014). They contribute to
the structure, texture and stability of foods through their thickening or gelling behavior and surface
properties. Numerous investigations on the physio-chemical properties of the proteinpolysaccharide systems have been conducted for a better understanding of the parameters involved
in affecting the protein-polysaccharide interactions. Through various studies, the physicochemical
properties of the components (molar mass, polydispersity, charge density, etc.) and their solution
properties (pH, concentration, temperature, nature of interactions, etc.) have been found to
influence the physico-chemical properties of resulting mixed biopolymer systems (C. G. De Kruif
& Tuinier, 2001; Doublier, Garnier, Renard, & Sanchez, 2000; Grinberg & Tolstoguzov, 1997).
Milk proteins are commonly used as functional properties in a variety of foods and their
interactions with polysaccharides play a key role on the design of new foods. In systems in which
milk proteins and polysaccharides co-exist, it is important to understand the mechanisms,
interactions and synergistic effects between these biopolymer components, which can provide
maximum benefit to the properties of a food product.

1.2. Milk Proteins
Milk is a complex fluid composed of water, lipids, lactose and proteins serving as its major
constituents with minor amounts of vitamins, minerals, enzymes and other compounds (O’Mahony
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& Fox, 2014). Water is present as a continuous phase with the other components suspended or
dissolved in it in varying concentrations depending on the type of the milk. Among various
components, proteins constitute a major component of milk and dairy products (concentrations up
to 32 g/l (3.3% w/w) in bovine milk) (Walstra & Jenness, 1984) as they influence the
thermomechanical properties of the food systems. These properties are a result of the interactions
between the milk proteins and the starches present in the food formulation. For example, studies
by Kelly et al. (1995) and Bertolini et al. (2005) have showed significant changes in the viscosity
and gelatinization properties (e.g. temperature, gelatinization rate) for systems involving
complexes of milk proteins with various starches (Bertolini, Creamer, Eppink, & Boland, 2005;
Kelly, Van Wagenberg, Latham, & Mitchell, 1995).

Milk protein research dates back to the early nineteenth century with some pioneering work in this
area reported by Berzelius, Schubler and Braconnot (Fox & Brodkorb, 2008). Preparation of milk
proteins was first reported by J. G. Mulder in 1838 (Mulder, 1838) using an acid precipitation
technique; the protein obtained was termed casein. Methods for casein precipitation and isolation
were refined in the subsequent years by Hammarsten (1883) and Slyke and Baker (1918) (Fox &
Brodkorb, 2008; van Slyke & Barker, 1918). These researches have introduced casein, the major
component of milk proteins, accounting for 80% of the total protein content in milk obtained from
bovine sources. Since caseins constitute the majority, there have been various studies identifying
the effect of caseins on the properties of the food systems (Fox & Brodkorb, 2008).

1.2.1. Sodium Caseinate
Caseins are a family of phosphoproteins (complex aggregates of proteins and calcium phosphate),
which usually exists as large particles suspended in the aqueous solutions in milk, which are termed
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‘casein micelles’. The properties of milk (color, heat stability, etc.) are dictated by these casein
micelles (Horne, 2014). Caseins are prepared by isoelectric precipitation at pH 4.6. The isoelectric
casein was found to be heterogeneous consisting of a mixture of three proteins, α, β and γ-caseins
in proportions of 75, 22 and 3% respectively (O’Mahony & Fox, 2014). These proteins can be
isolated using precipitation techniques (with 50% alcoholic solutions or 6.0 M urea solution) with
the order of the precipitation as α, β and γ-caseins. Other techniques to isolate casein fractions
include

ultracentrifugation,

salting-out

methods,

filtration

techniques

(ultrafiltration,

microfiltration, gel filtration) and precipitation techniques (cryo-precipitation, coagulation)
(O’Mahony & Fox, 2014).

Water soluble caseinate salts can be prepared by treating isoelectric casein with alkali (NaOH,
KOH, NH4OH, Ca(OH)2) at pH 6.7 (Fox & McSweeney, 2003). Sodium caseinate is one of the
widely used ingredients in the food industry due to its functional properties like water and fat
binding, emulsification, thickening and gelation. Due to its ability to present a low interfacial
tension during emulsification and due to its strong amphiphilic characteristics, it has been proved
to be a useful stabilizer for emulsions. In the lab and industrially sodium caseinate is produced by
acidification of skim milk under low pH conditions (pH 4.6) (Dickinson, 1998). The addition of
acid destabilizes the casein in the milk dissolving calcium phosphate and precipitating the casein
proteins. The precipitated casein following acidification, is neutralized with an alkali solution
containing sodium hydroxide yielding a sodium caseinate solution. The caseinate is separated and
washed several times to remove the soluble salts, lactose and whey proteins and then spray dried
to produce sodium caseinate powder. Apart from the conventional method to produce acid casein,
caseins are also prepared using enzymatic precipitation. Such caseins are called as ‘rennet caseins’
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and are produced with the help of the enzyme chymosin present in the rennet. After renneting, the
casein mixture is washed several times with water to obtained pure caseins (Dickinson & Golding,
1997; Thomar, Durand, Benyahia, & Nicolai, 2012).

1.2.2. Whey Proteins
Isolation of casein leaves behind a liquid whey residue (constituting the remaining 20% of protein
content in milk), which consists of a dilute solution of whey, or serum proteins with trace amounts
of organic and inorganic salts, vitamins, lactose and other constituents in trace amounts. Whey
proteins can be isolated and purified by salting out MgSO4. Seblein developed this process of
isolating the soluble (lactalbumin) and insoluble fractions (lactoglobulin) of whey proteins in 1885
(Fox & McSweeney, 2003). Apart from casein and whey proteins, milk also contains two other
types of protein-based materials: proteose peptones (PPs) and non-protein nitrogen (NPN). They
were identified by Rolland et al. in 1938 and identified during co-precipitation of whey protein
and caseins from milk heated at 950C for 10min at pH 4.6. On treatment with 12% trichloroacetate
(TCA), some compounds precipitated (known as proteose peptones) while the others dissolved,
e.g. non-protein nitrogen (Fox & McSweeney, 2003). By 1938, the composition of various proteins
in bovine milk was estimated to be 78%, 17%, 2% and 3% for the caseins, whey proteins
(lactalbumin, lactoglobulin), proteose peptones and non-protein nitrogen respectively (Fox &
McSweeney, 2003).

Knowledge about the chemistry of these various milk proteins has been developed steadily over
the last few decades and is considered critical to determine the properties of the milk, dairy
products or formulations containing dairy properties.
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1.3. Polysaccharides
Apart from proteins, polysaccharides are also largely responsible for the textural, structural and
other physicochemical properties of food systems (V.B.Tolstoguzov, 1991). Polysaccharides are
high molecular weight long chained monosaccharide units connected by glycosidic linkages. The
number of monosaccharide units contained in a polysaccharide is quantified using the degree of
polymerization (DP). Very few polysaccharides have DP less than 100. Polysaccharides like
cellulose have DP of about 7,000-15,000 whereas the DP for starches is even higher, having
molecular weight approximately 107 and DP greater than 60,000 (Damodaran, Parkin, & Fennema,
2008). Polysaccharides composed of the same monosaccharide units are termed homopolysaccharides (for example, starch, cellulose, etc.).

They are usually linear, whereas

polysaccharides containing different monosaccharide units are called hetero-polysaccharides
(pectin, hemicelluloses, etc.) and are found to be highly branched (Damodaran et al., 2008).

Owing to their exceptional properties and their special ability to interact with other
polysaccharides, proteins and lipids present in the food matrix polysaccharides are extensively
used as thickening, gelling agents and as stabilizers for emulsions and food products (J. M. V
Blanshard, 1982; Keeney, n.d.; S.K. Samant, R.S. Singhal, 1993; Steinhardt & Beychok, 1964;
V.B.Tolstoguzov, 1991). Most of the polysaccharides are made up of glycosyl units that contain
hydroxyl groups. These hydroxyl groups along with the ring and the glycosidic oxygen have the
ability to bind multiple water molecules through hydrogen bonding. As a result, the
polysaccharides show good water uptake, swells and can partially or completely dissolve in water,
making them to function as exceptional thickening agent (Damodaran et al., 2008).
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Another important feature of polysaccharides is their ability to modulate the viscosity of mixtures.
The viscosity is identified to be a function of the size, which is function of the degree of branching
observed in the polysaccharides. Shape and molecular conformation of the polysaccharides in
solution, depend on the available rotational degrees of freedom around the glycosidic bonds. The
higher the rotational freedom, the higher is the number of conformations the polysaccharide
molecule can take and thus, the higher is its chain flexibility. A higher chain flexibility results in
coiling, reducing the size of the polysaccharides (Damodaran et al., 2008).

The size of the polysaccharides dictates the sweep volume, which greatly influence the viscosity
of the solutions. For example, linear polysaccharides occupy a larger sweep volume, resulting in
higher collisions and friction, leading to increased viscosity. On the other hand, branched
polysaccharides occupy a lower sweep volume, thereby showing reduced collision frequencies,
resulting into solutions with lower viscosities. The exceptional stabilizing properties of the
polysaccharides are a result of its ability to restrict molecular mobility in the food matrix, owing
to the highly viscous solutions generated by these polysaccharides (Damodaran et al., 2008).

Despite the polysaccharide general features discussed above, the most widely used classification
of polysaccharides in food systems is starch and non-starch polysaccharides.

1.3.1. Starch
Starch is a polymer of glucose units, separated in two different fractions amylose and amylopectin.
Amylose is a linear polymer formed by several thousand glucose sub-units connected by (1-4) αlinkages, whereas amylopectin is a branched formed by glucose sub-units (over 100,000) with (1-

7
4) and (1-6) α-linkages. Most native starches contain 20-30% amylose and 70-80% amylopectin.
These two starch fractions have different physicochemical properties and their relative ratios can
strongly influence the properties of the overall starch system (Lovegrove et al., 2017). Amylose
and amylopectin are deposited in the amyloplasts within the highly organized starch granules,
which vary in size from less than a micron to a few hundred microns, depending on the starch
source (Lovegrove et al., 2017; Svihus, Uhlen, & Harstad, 2005). Through microscopy studies,
these starch granules have been shown to have a semi-crystalline structure, with alternating
crystalline and amorphous regions, separated by amorphous rings. The structural features of the
granules are dictated by the amylopectin content in the starch, owing to their highly branched
structure. The role of amylose in modulating the starch structure is less understood (Jenkins &
Donald, 1995; Lovegrove et al., 2017; Oates, 1997; Svihus et al., 2005).

Starches are really complex molecules and studies involving interactions of starches and proteins
in food systems are available in literature (Chrastil, 1990; Dahle, 1971; Jamilah et al., 2009). The
focus of this work was to establish the polysaccharide-protein interactions using simpler
polysaccharides, like dextran and maltodextrins of different molecular characteristics, which are
good models representing starches.

1.3.2. Dextran
Dextrans, type of α-D-glucans, are homo-polysaccharides consisting of a linear backbone with αlinked D-glucopyranosyl repeating units. Dextrans are polymers with molecular weights ranging
from 10,000 to 40,000,000 Daltons (Da) (E. Polifka & Habermann, 2015). They may also have α1-6 linkage in the main chain with variable amounts of branched linkages consisting of α-1-2, α-
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1-3 or α-1-4 linkages. The degree of branching depends on the source used. Dextran polymers
provide multiple attachment points for macromolecules through their long, hydrophilic arms and
these polymers usually terminate with a fructose monosaccharide (Hermanson, 2015). Dextran is
one of the four types of alpha-d-glucans produced by lactic acid bacteria (LAB) (others include
mutan, alternan and reuteran) and has been studied extensively with LAB of genera (i.e.
leuconostoc, streptococcus, lactobacillus, weisella and pediococcus) (Naessens, Cerdobbel,
Soetaert, & Vandamme, 2005). Using a variety of chemical, physical and enzymatic processes,
dextrans with desired molecular weights and polydispersity can be obtained. For example, crude
dextrans can be purified by repeated washings with organic solvents. The non-dextran components
(fructose, proteins, etc.) can be isolated using precipitation techniques (Yalpani & Hedman, 1985).

Dextrans are widely used as stabilizers and additives in food systems like ice-cream, bakery
products and confectionery due to its properties that improve moisture retention, prevent
crystallization and provide volume to the food system. Dextran have also been used in medical
applications due to their ability to show anti-thrombotic effects and volume expansion. Dextrans
with molecular weights around 70,000 Da have been used as plasma volume expanders for
treatment and prevention of impending shocks whereas dextrans with average molecular weight
of 40,000 Da have been used for providing prophylactic treatment for thrombosis treatments
(BeMiller, 2003). These applications are mediated by its ability to bind to various macromolecules
present in food or human blood systems.
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1.3.3. Maltodextrin
Maltodextrin are hydrolyzed starch products with glucose chains linked by α-1-4 and α-1-6
glycosidic bonds. They are classified based on their dextrose equivalent (DE), which is a measure
of the reducing capability of the starch-derived polysaccharides as compared to d-glucose (Wang
& Wang, 2000). Commercial maltodextrins have DE between 3 and 20. The higher the value of
DE, the greater is the extent of starch hydrolysis and shorter the polymer DP. Also, lower values
of DE suggest the presence of sufficiently long polymeric chains that inhibit solubility and promote
gelation (Wang & Wang, 2000).

Maltodextrin is commercially produced from starches like corn, potato or rice. The
physicochemical properties of these maltodextrins are governed by their DE values, the hydrolysis
procedure and the starch source and composition (Dokic, Dokic-Baucal, Sovilj, & Katona, 2004;
Wang & Wang, 2000). Maltodextrins are soluble in cold water, have a low or no-sweet bland taste
and show excellent water holding and non-hygroscopic characteristics, making them useful as
carriers for artificial sweeteners, bulking agents, fat replacers and flavor enhancers (Wang &
Wang, 2000).

1.4. Rheological Properties
The rheological properties of pure protein solutions are different from the pure polysaccharide
solutions. The polysaccharides have a greater influence on the solution viscosity since they are
almost 10 times larger in size and more extended than globular proteins. As a result, they occupy
larger hydrodynamic volumes, which lead to increased solution viscosity. The reasons for this
behavior have been discussed previously in the section on Polysaccharides. This theory assumes
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negligible or no intermolecular interactions. The rheological properties can change significantly if
there exist intermolecular interactions between neighboring polymer molecules (Goh et al., 2014).
The changes in the rheological properties can be due to an increase in the particle size following
complexation of the biopolymers, or due to depletion interactions, where one or more polymer can
form a continuous network structure. The overall effect of such interactions is the formation of
different microstructures in the mixed system (Goh et al., 2014).

To characterize the rheological and viscoelastic properties of the polysaccharide-protein mixed
systems, various rheological techniques can be employed depending on the nature of the mixed
systems. If the mixtures are liquid like, steady state viscosity curves are important characteristics
serving to characterize these solutions. They can be obtained using rotational viscometers. On the
other hand, if the systems are viscoelastic (e.g. gels), rheometers are used to determine the
viscoelastic properties of the systems in terms of the storage (elastic component of the sample) and
loss (viscous component of the sample) moduli. The type of rheometer used depends on the nature
of the biopolymers (Newtonian, non-Newtonian or elastic), shear rate and particle size
considerations. For the systems in our consideration, moderate shear rates would be adequate and
thus, plate and cone geometry rheometers seem to be ideal. Using these viscoelastic parameters,
among others, it is possible to describe the nature of interactions present in these systems and the
resulting microstructure of mixed systems (Goh et al., 2014). This fundamental information can
be used to tailor applications for mixed systems with targeted physical functionalities. The
rheological properties of various mixed systems, depending on the interaction behavior of proteins
and polysaccharides are discussed below.
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1.5. Protein-Polysaccharide Interactions
The nature of interactions between protein and polysaccharides (Figure 1) are critical to control
the macroscopic and textural properties of food systems (C. G. De Kruif & Tuinier, 2001). At
given temperatures and pressures, the interaction between proteins and carbohydrates and its
behavior can be estimated by changes in the Gibbs free energy of the system. The estimation of
the Gibbs free energy is carried out by measuring the changes in the enthalpy and the entropy of
the system. Changes in the enthalpy of the system are governed by the strength of the interactions
between the individual proteins and polysaccharides involved in the system and their interactions
with the solvent used. Solvent reorganization in the biopolymer solution contributes largely to the
enthalpy changes of the system (Dickinson, 2008). Entropic changes arise from the chain
flexibility of the participating biopolymers and the nature of their interactions with each other and
the solvent. Favorable entropic effects are accompanied with a release of bound water or counter
ions following the interaction (C. G. De Kruif & Tuinier, 2001; Syrbe, Bauer, & Klostermeyer,
1998). On the other hand, unfavorable entropic effects are a result of the reduced biopolymer
mobility following association. The charge density of the biopolymers involved in the system
(proteins and polysaccharides) dictate whether the complexation between the proteins and
polysaccharides is enthalpic or entropic driven. Enthalpic effects are dominant during association
of weakly charged biopolymers, whereas entropic effects are dominant during the formation of
aggregated complexes due to the changes in the biopolymer conformation (Dickinson, 2008;
Turgeon, Schmitt, & Sanchez, 2007). As illustrated in figure 1, mixing of proteins and
polysaccharide biopolymers can lead to segregation or association. Segregative interactions are
usually observed when the biopolymers repel each other whereas associative interactions show
biopolymer attraction (C. G. De Kruif & Tuinier, 2001).
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Under dilute conditions, entropic effects lead to co-solubility of proteins and polysaccharides. As
the concentration of the biopolymers increases, the system may become unstable, causing the
biopolymers to segregate (Grinberg & Tolstoguzov, 1997; Polyakov, Grinberg, & Tolstoguzov,
1997; V.B.Tolstoguzov, 1991). For biopolymers that are structurally similar, this segregation is
related to the difference in the energy of interaction between the polymer segments (described by
Flory theory). For dissimilar polymers, segregation leads to depletion interactions (type of phase
separation) between the biopolymers, forming protein-rich and a polysaccharide-rich phases (C.
G. De Kruif & Tuinier, 2001).

Associative interactions between proteins and the polysaccharides can also lead to instabilities.
For example, if the concentration of polysaccharide is not large enough, it can adsorb on one of
the many surfaces existing in proteins, bridging these protein particles. This process is known as
complex coacervation (de Jong, 1949). To summarize, polysaccharides can either adsorb on the
protein surfaces or induce attractive interactions between protein particles. These attractive
interactions eventually lead to phase separation (C. G. De Kruif & Tuinier, 2001). Of these three
phenomena, segregation is the most commonly observed in protein-polysaccharide solutions since
saccharide-amino acid contacts are found to be energetically unfavorable when compared to their
interactions with the solvent.

There are various examples available in the literature on mixed systems made up of different milk
proteins and polysaccharides. These systems can be broadly classified into the categories described
above.
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Figure 1.1. Behavior of protein/polysaccharide mixtures (C. G. De Kruif & Tuinier, 2001)

1.5.1. Associative Interactions
The main parameters dictating the interaction mechanisms are pH and ionic strength (Doublier et
al., 2000). Associative interactions can lead to the formation of complex coacervates or can induce
phase separation following association. Associative phase separation is a phenomenon where
associative interactions between the protein and polysaccharide are observed as a result of
electrostatic or hydrophobic interactions, hydrogen bonding or poor solvent capacity (Antonov,
Lashko, Glotova, Malovikova, & Markovich, 1996; Doublier et al., 2000; Weinbrreck, Tromp, &
de Kruif, 2004). Complexes formed by electrostatic interactions between the protein and a
polyanion are also known as coacervates. These coacervates are usually formed when the pH of
the mixture is less than the isoelectric pH of the protein. At this pH, complexation between the
species occurs due to a net positive charge on the protein and the negative charge of the
polysaccharide leading to the formation of a solvent-rich phase and a coacervate-rich phase
(Doublier et al., 2000).
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The energetics of the interaction between the biopolymer and solvent and biopolymer and
biopolymer dictate the solubility and the rheological properties of the biopolymer solutions. The
major factors are pH, ionic strength, charge density and concentrations of the protein and the
polysaccharide (Tolstoguzov, 1997). Strong polyelectrolyte leads to the formation of a precipitate
instead of liquid coacervates. The following examples describe the effect of interacting polymers
on the rheological properties of the mixed systems.

Tolstoguzov et al. (1997) studied mixed systems involving protein complexes with an anionic
polysaccharide and showed that the protein solubility increases below its isoelectric pH
(Tolstoguzov, 1997).

A more recent study by Guzey and McClements (2006) using a β-

lactoglobulin–chitosan complex showed that the solubility of the complex was pH dependent.
They studied the aqueous solution of chitosan and β-lactoglobulin in the pH range of 3-7 and
observed that the complex was soluble at lower pH values 3-5, but remained insoluble at pH values
6 and 7. (Guzey & McClements, 2006).

Weinbreck et al. (2003) identified the influence of pH and ionic strength on the complex
interactions between an exopolysaccharide, EPS B40, and whey proteins. Lowering the solution
pH showed improved complex aggregation, resulting in phase separation, whereas, the pH for
onset of complexation reduced with increases in the ionic strength of the solution. These complex
interactions influenced the viscosity of the mixtures, which was found to decrease due to reduction
in the dispersed phase inside the complexes. These complex interactions proved to be beneficial
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as they prevented protein losses due to aggregation during thermal or pressure treatments
(Weinbreck, Nieuwenhuijse, Robijn, & De Kruif, 2003).

In contrast to the study with whey proteins, mixed systems consisting of sodium caseinate and
gum arabic mixtures showed no coacervation. At pH below 5.4, Ye et al. (2006) observed the
formation of stable composite nanoparticles resulting from electrostatic interactions between the
biopolymer components. These complexes were found to be stable and retained the particle size
over a pH range 3.2-5.4. This range depended on the ionic strength and the concentrations of
sodium caseinate and gum arabic in the mixtures. At pH values lower than 3, phase separation was
observed due to aggregation of the sodium caseinate and gum arabic particles. The authors
proposed the mechanism for the formation of these nanoparticles. At pH below 5.4, caseinate
molecules tend to show small-scale aggregation before the large-scale aggregation and
precipitation around its isoelectric pH value (pH 4.6). It was proposed that gum arabic molecules
may attach themselves to the small-scale aggregates during the early stages as a result of the
electrostatic interactions between the negatively charged gum arabic particles and the positive
patches exposed on the surface of the caseinate aggregates. The hydrophilic gum arabic molecules
can sterically stabilize the nanoparticles and avoid self-aggregation of the particles (Ye, Flanagan,
& Singh, 2006).

Studies by Snoren (1975) involving casein-carrageenan mixtures have shown attractive
interactions between the positive patches on the surface of the proteins and the negatively charged
polysaccharide components (Snoeren, 1975). This was detected despite of pH values being higher
than the isoelectric point of the casein micelles. The nature of interactions between ι-carrageenan
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and skim milk mixtures were studied by Langendorff et al. (1999) at temperatures above and below
the coil-helix transition temperature of carrageenan. Systems studied at temperatures above the
coil-helix temperature showed depletion flocculation. However, studies at temperatures lower than
the coil-helix transition temperature resulted in attractive interactions between the biopolymer
components. The strong attractive interactions were attributed to the high charge density of the
double-helix form of carrageenan (Langendorff et al., 1999).

The concentration of carrageenan led to development of different gel networks within these mixed
systems. At low concentrations (<0.2%), a thermally stable network was observed, resulting from
the bridge between the casein micelles caused by adsorption of carrageenan chains. At elevated
concentrations, in addition to this network, a second network was observed due to the interactions
between the carrageenan chains. The amount of carrageenan required for full coverage depended
on the type of carrageenan studied as the polymer charge density affected the adsorption strength
(Langendorff et al., 1999; Langendorff, Cuvelier, Launay, & Parker, 1997).

Following associative interactions, mixed biopolymer systems can form gels. Gelation usually
refers to the formation of a three-dimensional aggregated network formed as a result of heating,
cooling, acidification, enzymatic treatments, etc. This is because at high temperatures,
hydrophobic and covalent interactions are enhanced (Tavares, Monteiro, Moreno, & Lopes Da
Silva, 2005). The nature of these interactions, type and concentration of biopolymers involved in
the system, and the external conditions (temperature, pH, etc.) altered the gel networks developed
in these interacting systems. These gel networks influence the microstructure arrangement of the
food systems, thereby, affecting the physical and chemical properties of the food systems. An
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example of gelling phase-separated systems involved the use of glucono-δ-lactone (GDL)acidified protein gels with low methoxy amidated (LMA) pectin in a study conducted by MatiaMoreno et al. (2004). They observed that the presence of pectin decreased the storage modulus
and increased the gelation time due to adsorption of pectin on the casein particles. At higher pectin
concentrations, acid-induced gelation was found to be completely inhibited (Matia-Merino, Lau,
& Dickinson, 2004).

1.5.2. Segregative Interactions
Single-phase non-interacting protein-polysaccharide mixtures (co-soluble systems) are rare and
can occur only if the two different molecular species have hydrophilic surfaces. However, most of
the mixed systems exist as two separate phases owing to either depletion flocculation or
thermodynamic incompatibility. The relative concentrations and the sizes of the biopolymers can
also lead to phase separation. For example, a system consisting of biopolymer (protein or
polysaccharide) at high volume fraction with larger particles than the other components, tends to
phase separate due to depletion flocculation. Such behavior is usually presented in a phase
diagram. Phase diagrams for systems showing segregative interactions typically consist of two
sections, representing the two phases formed, each rich in one of the biopolymers involved. By
studying the phase diagrams of such systems, the unwanted effects of phase separation can be
avoided by selecting the biopolymer concentrations in the stable regions. The properties of such
systems are found to be influenced by the interaction behavior between the biopolymers and the
microstructures they form (C. G. De Kruif & Tuinier, 2001; Doublier et al., 2000).

18
In a few cases, change in the protein type and the biopolymer concentrations can greatly influence
the nature of mixed systems. In one such study by Hemar et al. (2001), the authors looked at
aqueous solutions of xanthan gum with different milk proteins (sodium caseinate, skim milk
powder, whey protein isolate and milk protein concentrate) and studied their interactions at neutral
pH (Hemar, Tamehana, Munro, & Singh, 2001a). Xanthan gum concentration and the protein type
were found to dictate the microstructures of the mixtures. Systems containing xanthan gum with
either milk protein concentrate, or skim milk powder showed depletion flocculation of the casein
micelles. Increase in xanthan gum concentration was found to decrease the size of the depleted
protein aggregates. Whereas, systems involving mixtures of xanthan gum and sodium caseinate or
whey protein isolate show no phase separation. This is due to the larger size of the casein micelles
as compared to the nanometer sized milk proteins. The rheological properties of the mixtures,
however, were very similar to the rheological behavior of the xanthan gum. No differences on the
microstructure of the mixtures owing to redispersion of the weakly flocculated proteins as a result
of the shearing action caused by the viscometer were observed (Hemar et al., 2001a).

Subsequently, in another study segregative phase separation was observed for a non-interacting
biopolymer mixture containing micellar casein (3%) and guar gum (0.2%) at pH 7 (Bourriot,
Garnier, & Doublier, 1999a). This was confirmed by changes in the flow and viscoelastic
properties of the system. The apparent viscosity of the mixed system increased whereas
viscoelastic measurements showed increased values of both viscoelastic moduli. These results
suggest that the casein micelles flocculate because the polysaccharides are excluded from the
protein phase indicating the formation of a weak network structure. The authors concluded that
this network can be easily broken under shear due to the slightly thixotropic behavior observed,
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also suggesting the weak and reversible flocculation observed indicative of a depletion flocculation
mechanism (Bourriot, Garnier, & Doublier, 1999b; Bourriot et al., 1999a).

Polysaccharides having lower intrinsic viscosity had to be in higher concentration for the phase
separation to occur. This trend was observed due to the stronger flocculation of the casein micelles
resulting from an increase in the volume occupied and an increase in the osmotic pressure with
increasing amount of polysaccharides (Bourriot et al., 1999b). Similar behavior was previously
reported for a ternary mixture containing micellar casein, locust bean gum (LBG) and sucrose. The
mixture behaved as a water-in-water emulsion at pH 6.8 and did not show any improvement in
biopolymer compatibility even at high sucrose concentrations suggesting the thermodynamic
incompatibility of the casein micelles and LBG (Schorsch, Jones, & Norton, 1999).

For segregating mixed systems, the gelation ability of one of the components can lead to a
competition between phase separation and gelation (Neiser, Draget, & Smidsrød, 1998). The
rheological properties of the gels are a result of the concentration and arrangement of the
components in the individual phases. It is observed that the gel strength increased if the gelling
component forms the continuous phase as opposed to the case when it is present as the dispersed
phase due to network disruption in the dispersed phase (Neiser et al., 1998). Tavares et al. (2003)
studied the changes in gelation behavior with mixtures involving a non-gelling neutral
polysaccharide, galactomannan, and whey protein isolate at different pH values. At pH 7, it was
observed the presence of clear fine-stranded gels formed by whey protein because of hindrance in
protein aggregation caused by electrostatic repulsion. Whereas, at a lower pH value of 5, which is
close to the isoelectric pH of whey protein, an opaque coarse particulate gel formed. Rheological
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studies indicated the stronger and more elastic gel character formed at the lower pH value due to
the presence of a thick particulate network under those conditions. At neutral pH, with higher LBG
concentration, the gelation onset temperature and the gelation time were found to decrease
(Tavares & Lopes Da Silva, 2003). In the same study, Tavares et al. (2003) found that the gel
rigidity increased with the presence of LBG. This was observed because of phase segregation and
isolation of the components occurring with the presence of LBG, leading to a decreased
macromolecular mobility within the network. At lower pH value (pH 5), the presence of LBG,
even in low concentrations (5%), was found to decrease the elastic character of the gel network.
This behavior was attributed to the property of LBG chains to disrupt protein-protein interactions
and hamper the protein gel network development. However, on increasing LBG concentration
(13%), it was seen the polysaccharide acted as a filler in the continuous gel network, thereby,
improving the gel strength (Stading, Langton, & Hermansson, 1993; Tavares & Lopes Da Silva,
2003).

The effect of pH on the gel network structure was studied by Bertrand and Turgeon (2007). At pH
6.5, xanthan gum improved the elastic modulus of the protein gel network due to the formation of
phase separation. However, lowering the pH value decreased the elastic character of the gel as a
result of WPI-xanthan gum complexation, which leads to decreased protein-protein interactions
(Bertrand & Turgeon, 2007).

The effect of polysaccharide type and concentration on the rheological properties and the gelation
behavior of mixed systems was studied by Beaulieu et al. (2001) using mixtures of β-lactoglobulin
(8% w/w) and low methoxyl pectin (0.85% w/w) following thermal treatment at pH 6.0 (Beaulieu,
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Turgeon, & Doublier, 2001). The mixed gel systems showed a significantly lower storage modulus
than the protein gel alone. Higher concentration of pectin led to firmer mixed gels. Microstructure
analysis revealed phase separation, where β-lactoglobulin appeared as spherical droplets dispersed
in a continuous pectin network. Similar protein-depletion-induced phase separation was observed
for mixed system involving whey protein and an exopolysaccharide derived from lactic acid
bacteria (C. G. De Kruif & Tuinier, 2001; Donato, Garnier, Novales, & Doublier, 2005).

The above examples indicate that different rheological properties can be observed with different
mixed protein and polysaccharide systems. These properties are influenced by the molecular
characteristics of the individual components (charge density, concentration, etc.), system
conditions (pH, temperature, etc.) and the nature of interactions between the macromolecules.
Knowledge of the rheological properties of these mixed systems can be used for development of
novel food structures with unique properties and functionalities for various applications.

1.6. Water mobility
Water is the most widely employed solvent, dispersion medium and plasticizer in food systems.
With proteins and polysaccharides making up the main constituents of food, the biopolymerbiopolymer and the biopolymer-solvent interactions dictate the structure-property relationships in
foods. The macroscopic information of the food systems depends on the microscopic arrangement
of biopolymers and water within the food matrix. Moisture content and moisture distribution, thus,
widely affect the food system properties. Higher water contents can alter the physical states of the
foods, changing the state of the food system from glassy to rubbery. Glass transition is considered
as an important property, which is found to affect the thermo-mechanical, physical and chemical
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properties of food systems (M. T. Kalichevsky & Blanshard, 1992; M T Kalichevsky, Blanshard,
& Tokarczuk, 1993; Monica T. Kalichevsky & Blanshard, 1993; Harry Levine & Slade, 1988;
Roos, Karel, & Kokini, 1996; Slade & Levine, 1987).

Water partition between coexisting phases will depend on the macromolecular competition for the
space available in these phases. Greater differences in the excluded volume of the biopolymers
will result in great differences in the water content between the phases. This would greatly affect
the phase diagram asymmetry, which would cause a greater shift of the binodal towards the
concentration axis of the biopolymer having the lower exclusion volume of the two biopolymers.
This process of water partition observed between the two phases in the food systems is known as
“membraneless osmosis”. These processes were initially proposed during production of a full-fat
milk based on skim milk, where the milk proteins were concentrated using apple pectin. The use
of this process can be extended to concentration of a polysaccharide solution using an incompatible
polysaccharide having higher exclusion volume and hydrophilicity (Tolstoguzov, 2006).

Polysaccharides affect the protein partition due to their higher exclusion volumes and their
hydrophilicity as compared to the proteins. Addition of polysaccharides is shown to increase the
protein adsorption on the air/water interface. Mixed polysaccharide gels have gained interest as
they help in controlling the composition-property relationships of various food systems
(Tolstoguzov, 2006).

Water can migrate between different zones in food systems as a result of differences in the water
chemical potentials of the two zones. Migration of water is limited by the properties if the food
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systems like material porosity, viscosity and the nature of water interactions in the system. Water
migration is found to depend on diffusion coefficient of water molecules in the network, pressure,
concentration, temperature, etc. It is a critical phenomenon to the food scientists, but its study is
rather difficult as the mass transfer mechanisms can disturb the internal physical and chemical
properties of the system. Studies on water distribution can be difficult due to the nature of
molecular interactions and the fast relaxation spins observed in low moisture foods (Cornillon &
Salim, 2000).

Relaxometry and diffusimetry techniques have been used to monitor the moisture contents and the
changes in the water mobility. As an example of work in this area, Cornillon et al. (2000) tried to
study the mechanisms of water uptake in low moisture cookies and cereals using NMR
relaxometry and solid imaging technology mounted on a low-resolution NMR spectrometer. They
observed that the water uptake for these food products was negligible suggesting that the water
mobility was influenced by the various chemical interactions, like hydrogen bonding,
retrogradation and glass-rubber transition, of the system. Using such a technique, the authors could
locate the water density under varying conditions of storage time and relative humidity (Cornillon
& Salim, 2000). These results can be used as inputs to help design better processes to control water
mobility in food systems.
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More recently, NMR techniques have been developed to elucidate water uptake mechanisms and
understand water mobility using the spin magnetic properties of the food systems (Assifaoui,
Champion, Chiotelli, & Verel, 2006; Choi & Kerr, 2003; Smith, Vogt, Seymour, Carr, & Codd,
2017). In complex protein systems studied using NMR, two proton relaxation mechanisms have
been identified, viz. proton exchange and cross-relaxation (Figure 2). As seen in Figure 2a, crossrelaxation is observed due to the dipole-dipole interactions between the protons of the water and
the macromolecule, resulting in transfer of magnetization. Proton exchange, on the other hand,
involves the transfer of physical transfer of protons between different water states, viz. bound and
free water (Schmidt & Lai, 1991).

Figure 1.2. Schematic representation of (a) Cross-relaxation and (b)
Chemical exchange between water molecules (Schmidt & Lai, 1991)
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Such an analysis was used by Zang et al. (2017) to investigate the water dynamics during the
drying of sea cucumber using the low field NMR (LF-NMR) technique complemented with
magnetic resonance imaging (MRI) technique. The 3D color map surface images from LF-NMR
revealed the presence of three main peaks that could be assigned to the bound water, immobilized
water and free water adhered to the sea cucumber, in increasing order of the relaxation times
(Zang et al., 2017).

Several modifications to the conventional NMR techniques have also been developed and studied
to better understand water mobility in food systems. One such NMR imaging technique, Single
Point Imaging (SPI), was developed by Balcom et al. (1996). In this technique, two perpendicular
gradients are applied to construct a 2D image using Fourier transformations (Balcom et al., 1996).
This technique was previously used to image polymer solids or liquid waters present in frozen
concrete (Prado, Balcom, Beyea, Armstrong, & Bremner, 1997). A modified version of this
technique, Single-Point Ramped Imaging with T1 enhancement (SPRITE) was developed to
improve the data acquisition time efficiency using a stepwise variation of the gradients (Balcom
et al., 1996; Prado et al., 1997). This technique overcomes the limitations of short free induction
decay (FID) time encountered with MRI Imaging techniques (Prado et al., 1997).

To summarize, in recent years, significant progress has been made on understanding the role of
interactions, between proteins and polysaccharide components of foods, on the physical, chemical
and thermochemical properties of these systems. The importance of key process variables
(moisture content, pH, temperature, ratio of protein and polysaccharide components, etc.) and the
nature of interactions on altering the microstructure and the rheological properties have also been
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studied. Various milk proteins, particularly casein and whey protein have been widely used to
understand protein-polysaccharide interactions in dairy products. The current challenge is to tailor
the functionalities of the food systems by understanding how the microstructures alter their
properties.
Formation of protein-polysaccharide complexes through different interactions has been studied to
understand their influence on the rheological and interfacial properties. These complexes have
been studied for further applications as texturizing agents, emulsion stabilizers and encapsulating
agents. However, detailed information on the structure of these complexes is lacking and bridging
the experimental findings with the available theoretical frameworks remains a challenge.

With ongoing research in this field, it is apparently clear that modulating the macromolecular
interactions can help in developing novel systems. The current knowledge set also motivates
development of ingredients and food systems with superior properties.
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CHAPTER 2. MATERIALS AND METHODS
2.1. Materials
Sodium caseinate (NaCas) was kindly donated by Fonterra Group Ltd, Auckland, New Zealand.
This product was composed of 96% dry matter (approximately 94% protein, 1.38% sodium and
0.06% calcium). Dextran from Leuconostoc spp. with average molecular weight (MW) of 15-25
kDa and 100 kDa was purchased from Sigma Aldrich (St. Louis, MO). Maltodextrin, with different
DE (dextrose equivalence) of 4.0-7.0 were purchased from Sigma Chemical Co. (St Louis, MO).
Phenol and Glucose (Sigma G7021, purity 99.9%) were purchased from Sigma Chemical Co. (St
Louis, MO). Bicinchoninic Acid Protein Assay kit was purchased from Sigma Aldrich (St Louis,
MO).

2.2. Methods
2.2.1. Sample Preparation of NaCas-Dex Solutions
Sodium caseinate solution was prepared by dispersing the caseinate powders in deionized water
using a gentle magnetic stirrer. The solution was stirred at room temperature for a duration of 4 h
and the mixture was stored at 480C overnight for complete hydration. Sodium caseinate mixtures
of desired concentrations were prepared by diluting the stock mixture with appropriate amounts of
Milli-Q water. The protein concentration was adjusted between 0.1 to 10% (w/w).

Dextran and maltodextrin samples were prepared by dispersing these dry solid components in
deionized water to make 0.1-10% (w/w) stock solutions. Sodium azide (0.02% w/w) was added to
prevent bacterial growth. The solutions were stirred for 3 h at approximately 25°C, and heated in
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a water bath at 85°C for 5 min. These solutions were stored at 4°C for 24 hours before adding to
the milk protein solution.

2.2.2. Particle Size Determination
Hydrodynamic radius of the individual protein and polysaccharide was determined using an ALVCGS3 light scattering goniometer (ALV, Langen, Germany). Light scattered from a HeNe laser
(λ=632.8 nm) was detected by ALV High Q.E. avalanche photodiode (APD) dual detectors in
pseudo-cross correlation mode. Hydrodynamic radii of mixed solutions were determined using the
CONTIN algorithm by the instrument software (ALV, Langen, Germany). All samples were
diluted in buffer until concentration dependence was no longer observed in order to eliminate
multiple scattering effects.

2.2.3. Turbidity
Turbidity measurements for the individual and mixed biopolymer suspensions in water were
studied using a PerkinElmer UV/Vis Spectrometer Lambda 25 at a wavelength of 450 nm.
Analysis of the samples was performed with disposable polystyrene cuvettes having an interior
volume of ~1.4 ml. Turbidity was presented as the absorbance observed at 450 nm. Before sample
measurements and and at frequent intervals during the sample analysis, T was adjusted to 100%
by running blank measurements using ultrapure water.
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2.2.4. Isothermal Titration Calorimetry (ITC)
ITC was used to provide information on enthalpy changes associated with the protein–
polysaccharide interactions. An isothermal titration calorimeter Nano ITC Low Volume (TA
Instruments) was used to measure the enthalpy changes resulting from Sodium caseinate - Dextran
interactions. 20-μl sodium caseinate solution (0.1 wt%) aliquots were sequentially injected into a
titration cell with a volume of ~1.45 ml, initially containing 0.1-wt.% Dex100 buffer. Injections to
the cell lasted for 30 s with an an interval of 600 s between successive injections. The solution
temperature in the titration cell was maintained at 30±0.1 °C, with the solution stirred at 300 rpm
during the experiments. The results were reported as the mean and standard deviation of the values
obtained by running the sample measurements in duplicates. By evaluating the enthalpy values for
sodium caseinate titrated into a buffer solution and sodium caseinate titrated into dextran solution,
the change in the enthalpy was corrected by taking their difference. The results are reported as the
change in enthalpy of sodium caseinate injected into the reaction cell.

2.2.5. Phase Separation
Proteins and polysaccharides solutions of desired concentration were prepared by mixing the
individual solutions at the desired ratios, at pH 7, and stirring them thoroughly in glass test tubes
at room temperature. Protein concentration in these solutions was adjusted to 0% to 10% (w/w)
whereas the polysaccharide concentration ranged from 5% to 10% (w/w). All the mixtures were
homogenized. To ensure complete hydration, the solutions were stored at 40C for 24 h. Following
this, the mixtures were heated at 250C for 30 min using a controlled temperature water bath and
the mixtures were then centrifuged at 25,000 rpm for 30 min.
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Protein content of each phase after phase separation was determined by Bicinchoninic acid (BCA)
assay (using bovine serum albumin as standard protein) (Brown, Jarvis, & Hyland, 1989; Lowry,
Rosebrough, Farr, & Randall, 1951; Wiechelman, Braun, & Fitzpatrick, 1988). The concentration
of the polysaccharide in each phase, following phase separation, was determined using the
phenol/sulfuric acid method with glucose as a standard (DuBois, Gilles K. A., Hamilton, A. J.
Rebers, & Smith, 1956). Detailed description of these two methods is included in Appendix A.
The phase diagram for the mixed biopolymer system was plotted using the various concentrations
of both protein and polysaccharide that showed phase separation.

2.2.6. Viscosity of the biopolymer solutions
The effects of increased NaCas concentrations on the viscosity of dextran samples were studied.
The viscosity of individual NaCas and Dex100 solutions at temperatures 25-85°C was measured
using a rheometer. Applied shear rate was logarithmically increased from 0.1 to 150 s−1. A Couette
geometry consisting of 2 coaxial cylinders (with diameters of 26.7 and 23.8 mm) was used for the
measurements. The viscosities of the individual and mixed samples were plotted against shear rate.

2.2.7. Determination of viscoelastic properties
Dextran (10.0% w/w) and dextran-milk protein (5.0% w/w and 10.0% w/w, for dextran and protein
respectively) dispersions were formed in a Rapid visco Analyzer (RVA) following the standard
procedure used the pasting of starches. After the RVA procedure completion, pastes were then
quickly poured onto polystyrene petri dish lids (70 mm × 3 mm) with 25 mm-high plastic disks.
Immediately, the petri dish base was placed over the one containing the sample Samples were
cooled for 1 h at room temperature.
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After 24 hr. storage the single disk sample was placed on the rheometer (TA Instruments, AR G2
model, US) with a 100-grit medium sand paper on the bottom and on the surface of a 2.0 cm
diameter parallel plate to prevent sample slippage. The gap used was 2 mm. In the first stage, a
frequency sweep test from 0.1 to 20 Hz at 10% strain (within the linear viscoelastic behavior) and
25ºC was performed. In the second stage, a temperature sweep test was performed from 25 to 90ºC
with a heating rate of 5ºC/min at a frequency of 1 Hz and 10% strain. Initial strain sweeps, at
different frequencies (0.1-10 Hz) showed that 10% strain was within the linear viscoelastic range
for all the tested samples.

Both, the storage modulus (G’) and the loss modulus (G’’), were determined at 5 points per decade
and at intervals of 5ºC changes for frequency and temperature sweep steps, respectively. G’
represents the solid-like or elastic component of a material while G’’ represents the liquid-like or
viscous component of a material.

2.3. Statistical Treatment
All samples were prepared in at least duplicate, unless otherwise specified. Statistical significance
between pH values was established by conducting a student's t-test. Significance of linear relation
between turbidity and hydrodynamic size was established by means of linear regression analysis.
In all figures, displayed error bars represent the standard deviation from independent sample
measurements.
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CHAPTER 3. INTERACTIONS BETWEEN SODIUM CASEINATE AND
DEXTRAN
3.1. Objectives
The objective of this work was to understand the nature of interactions between the mixed system
consisting of sodium caseinate and dextran through rheological, turbidity and chemical analysis,
at neutral pH and varying sodium caseinate and dextran concentrations. Through particle size and
turbidity studies, the presence or absence of attractive interactions between the two biopolymers
were investigated. These results were complimented through rheological measurements aimed at
studying the difference in properties of mixed systems and the individual protein and
polysaccharide components.

3.2. Results and Discussion
3.2.1. Characterization of individual biopolymers in solution using Dynamic Laser Scattering
(DLS)
Dynamic light scattering (DLS) was utilized to estimate the hydrodynamic radius of the single
protein (NaCas) and polysaccharides (Dex15, Dex100) molecules in solution and the formation of
any aggregates between the biopolymer components due to interactions. The experimentally
determined hydrodynamic radii of individual samples and their mixtures at a pH of 7 are shown in
Tables 3.1 and 3.2.
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Table 3.1. Average hydrodynamic radius of NaCas, Dex15 and NaCas-Dex15 mixed samples
using Dynamic Light Scattering
Biopolymer system (Concentrations in wt.%)

Hydrodynamic radius (nm)

0.1 wt.% NaCas

79.9 ± 2

0.25 wt.% NaCas

83.5 ± 1

0.5 wt.% NaCas

89 ± 2

0.1 wt.% Dex15

3.84 ± 0.7

0.25 wt.% Dex15

4.1 ± 0.3

0.5 wt.% Dex15

4.32 ± 0.1

0.1 wt.% NaCas + 0.1 wt.% Dex15

75.9 ± 3

0.25 wt.% NaCas + 0.25 wt.% Dex15

83.5 ± 1

0.5 wt.% NaCas + 0.5 wt.% Dex15

89 ± 2

An average hydrodynamic radius of 84±4 nm was observed at concentrations below 0.5 wt.% for
sodium caseinate solution. Beyond 0.5 wt.%, the average hydrodynamic radius was found to be
110nm, which agrees with the literature values for NaCas. Previous studies conducted using DLS
techniques suggested that NaCas solutions coexist as sub micelles and supra molecular assembles
with radius 8.8±1 nm and 74±4 nm respectively (Chu, Zhou, Wu, & Farrell, 1995). Studies by
Lucey et al. (1997) using static light scattering showed that radius of gyration of NaCas assemblies
varied between 20 and 70 nm (Lucey, Van Vliet, Grolle, Geurts, & Walstra, 1997). Dickinson et
al. (2006) in a recent study found that the hydrodynamic radius of NaCas was about 100 nm. Thus,
it can be stated that the ‘assembly state’ of caseinate depends on samples and the different studies.

Two dextrans, Dex15 and Dex100, of molecular weights 15,000 Da and 100,000 Da were
measured by DLS in aqueous solutions in a range of concentrations of 0.1, 0.25 and 0.5 wt.% at
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25 °C. An average radius of 4.1±1 nm was observed for Dex15 in agreement with previously
reported results (Ioan, Aberle, & Burchard, 2001). Table 3.1 shows the particle size behavior of
the mixed biopolymer systems using Dex15. It was observed that at pH 7, the solutions were
transparent across the whole range of sodium caseinate concentrations, when mixed with the
dextran solutions. Dispersions of the samples (in the conditions used) had assemblies of casein
subunits smaller than native micelles but still significantly large. There was polydispersity in the
sizes of these assemblies, preventing recognition of a significant size increase after dextran
addition.

Table 3.1. Average Hydrodynamic radius of NaCas, Dex100 and NaCas-Dex100 mixed samples
using Dynamic Light Scattering
Biopolymer system (Concentrations in wt.%)

Hydrodynamic radius (nm)

0.1 wt.% NaCas

79.9 ± 2

0.25 wt.% NaCas

83.5 ± 1

0.5 wt.% NaCas

89 ± 2

0.1 wt.% Dex100

6.98 ± 0.7

0.25 wt.% Dex100

7.4 ± 0.3

0.5 wt.% Dex100

7.1 ± 0.1

0.1 wt.% NaCas + 0.1 wt.% Dex100

69.9 ± 4

0.25 wt.% NaCas + 0.25 wt.% Dex100

79.8 ± 0.4

0.5 wt.% NaCas + 0.5 wt.% Dex100

86.1± 2

The hydrodynamic radii of the higher molecular weight dextran (Dex100) at varying
concentrations are shown in Table 3.2. An average radii of 7.2± 0.1 nm was observed for the
individual dextran solution with 100 kDa molecular weight. (Li et al., 2008) For mixed solutions
containing 0.1, 0.25 and 0.5 wt.% of sodium caseinate along with 0.1, 0.25 and 0.5 wt.% Dex100
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the hydrodynamic radius was similar to those of the individual NaCas solutions (Tables 3.1 and
3.2). (Mezdour & Korolczuk, 2010)(Li et al., 2008)

3.2.2. Turbidity Measurements
Turbidity measurements were conducted to determine the influence of sodium caseinate on
aggregate formation in the mixed biopolymer system. Absorbance of pure individual
solutions/dispersions of sodium caseinate with concentrations 0.1, 0.25, 0.5 and 1.0 % (w/w) are
illustrated in Fig 3.1.A. Further, absorbance measurements of the mixed biopolymer solutions were
measured as 0.1, 0.25, 0.5 and 1.0 wt.% sodium caseinate solutions were titrated into test tubes
containing solutions with concentrations 0.5 wt.% (Fig 3.1.B and 3.1.C) and 1.0 wt.% (Fig 3.2.B
and 3.2.C) Dex15 and Dex100 in water.
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Figure 3.1. Absorbance measured at 450nm A: NaCas (individual), B: NaCas+0.5 wt.% Dex15
and C: NaCas+1 wt.% Dex15, at pH 7
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Suspensions of NaCas and Dextran at lower concentrations (0.1 and 0.25 wt.%) were much less
turbid. The turbidity of the mixed samples did not show significant changes when compared those
of the individual protein and polysaccharide, suggesting no aggregate formation pH 7.

Figure 3.2. Turbidity of A: NaCas, B: NaCas-0.5 wt.% Dex100 and C: NaCas-1 wt.% Dex100 at
pH 7
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Figure 3.2 continued

Higher molecular weight of Dextran (100,000) showed small differences in particle size and
turbidity measurements on addition of > 0.5 wt.% NaCas. Table 3.2 and Figure 3.2 show the
decrease in particle size and turbidity measurements of samples observed in the mixed samples,
respectively. Reduced turbidity of mixed NaCas-Dex samples indicated that the domain of the
solution had a smaller number of scatters or a reduced scattering contrast when compared to the
individual domains of sodium caseinate and dextran. Literature has suggested a possibility of a
weak associative interaction between the two biopolymers (Gloria Hernández, Livings, Aguilera,
& Chiralt, 2011). However, there was no strong evidence suggesting associative interactions
between sodium caseinate and dextran.

3.2.3. Isothermal Calorimetry (ITC) measurements - Enthalpy estimation
Enthalpy changes associated with protein–polysaccharide interactions were determined using ITC
when a sodium caseinate solution was titrated into a dextran solution (25.0 °C, pH 7). The
dependence of the enthalpy changes per mole of sodium caseinate injected into the reaction cell,
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on the total concentration of dextran in the reaction cell, after an injection was measured. Figure
3.3 shows enthalpy changes associated with the first injection of sodium caseinate into the
measurement cell.

Table 3.2. Data set representing the integration of the raw data shown in Figure 3.3

Thermodynamic parameters

pH 7

Kd (M)

(4.38) × 10-4

ΔH (kJ mol−1)

(−0.122 ± 0.05) × 10-1

ΔS (kJ mol−1)

−60.19 ± 2.7

K: binding constant.
ΔH: enthalpy change per mole of caseinate.
ΔS: reaction entropy per mole of caseinate

A low endothermic enthalpy change was observed below 0.3 μM sodium caseinate beyond which
it rapidly fell to a value close to zero with the increasing concentration of sodium caseinate. At pH
7, the observed enthalpy change was relatively small across the entire range of sodium caseinate
concentrations studied. Various kinds of association-dissociation processes as well as
conformational changes contribute to the overall measured signal and thus, it is not possible to
assign precise molecular events to enthalpy changes measured in Calorimetry (Harnsilawat,
Pongsawatmanit, & McClements, 2006).
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Figure 3.3. Enthalpy change per mole of sodium caseinate (ΔH) on dextran (Dex100)
concentration in the reaction cell. Values were calculated from measurements made when 0.1wt.% sodium caseinate was injected into a reaction cell containing 0.1 wt.% Dextran in buffer
solution (water, 250C)

At pH 7, the fact that only a small enthalpy change was observed when sodium caseinate was
added to the dextran solution suggests that there was little interaction between the polysaccharide
and protein. There is also a possibility that the interactions were weak/sporadic in relation to total
size and undetected by the instrument. Literature suggests that soluble protein–polysaccharide
repulsion can be observed if both biopolymers carry a net negative charge (pH > pIprotein)
(Dickinson, 1998). Here, the interaction involves negatively charged local patches on the protein
interacting with the anionic polysaccharide since at these pH values; there would be a relatively
strong electrostatic repulsion between them. (Benichou, Aserin, & Garti, 2002)
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3.2.4. Observation of Possible Phase Separation
Samples were stored at 4°C in a refrigerated incubator and visually observed for possible phase
separation after 1 hr. and 24 hr. After 24 hr. storage, samples were centrifuged at 25,000 rpm. After
the samples were centrifuged, a more turbid solution was observed at the bottom of the tube and a
translucent solution was observed as the supernatant. As the concentration of biopolymers, protein,
and polysaccharide, increased, the bottom phase became a highly viscous solution. This could have
resulted from the ability of sodium caseinate to form highly viscous solutions and the thickening
ability of dextran (Loveday, Hindmarsh, Creamer, & Singh, 2010) (Casettari et al., 2015).

Sodium caseinate consists of casein, which has an isoelectric point (pI) of 4.6. At pH 7, sodium
caseinate carries net negative charges. As a result, a repulsion is expected between the casein and
dextran molecules, which have a negative charge (HadjSadok, Pitkowski, Nicolai, Benyahia, &
Moulai-Mostefa, 2008). Therefore, the phase separation observed at the bottom might be the result
of casein-dextran incompatibility due to repulsion between the two species. Protein and
polysaccharide contents of the top and bottom phase after separation of samples containing
different amounts of dextran and sodium caseinate were determined chemically.

Total carbohydrate concentrations and protein concentrations of the top and bottom phase with the
addition of NaCas were measured (see Appendix B). After 24 hr., a slight phase separation was
observed for all the mixed samples with sodium caseinate concentration from 5-10 wt.% and
Dex100 concentration of 5 wt.% and 10 wt.%. In control samples made with 5 wt.% and 10 wt.%
Dex100, phase separation was not observed, prior to addition of sodium caseinate.
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At lower concentrations of sodium caseinate (1.5 and 2.5 wt.%), a monophasic solution was
observed since both the top and bottom phase was found to be rich in protein and polysaccharide
in all the mixtures, A reduction in the amount of protein, detected in the top phase, was observed
when the sodium caseinate concentration increased.

A 2-phase system was observed after centrifugation of sodium caseinate-dextran mixtures at
concentration of 5 wt.%. The top phase was white translucent, while the bottom phase was white
and slightly opaque. Figure 3.4 illustrates the phase diagram of sodium caseinate-dextran mixtures.
The binodal curve (solid line) separates the 1-phase region from the 2- phase region. Analysis of
the composition of these 2 phases indicated that the top phase was rich in polysaccharide and the
bottom phase was rich in protein. This result suggests thermodynamic incompatibility, which
results in a protein-rich phase and polysaccharide-rich phase. Since, at pH above the isoelectric
point of the protein, thermodynamic incompatibility between protein and polysaccharide occurs
because of repulsive electrostatic interactions and different affinities toward the solvent, a 2-phase
system is observed with one phase rich in protein and the other rich in polysaccharide. (Dickinson
2003).
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Figure 3.4. Phase diagram of the Caseinate-Dextran mixture, pH 7, Binodal (solid curve); initial
mixtures (×); upper phase (☐); lower phase (■)

3.2.5. Viscosity of NaCas and Dex solutions
Flow behavior index is an important criterion in studying the behavior of polymers, which is the
indication of viscosity changes of a polymer solution when subjected to a range of shear rates.
Viscosities of dextran (Dex100) at 10 wt.% concentrations and NaCas solutions at 1.5 and 10 wt.%
concentration at a shear rates (1-150 1/s) are illustrated in Figures 3.5. The changes in the viscosity
as a function of temperature is also plotted in Fig 3.5. For all concentrations of dextran, the
viscosity behavior of the solutions was Newtonian, and remained almost unchanged with shear
rate, i.e. when the shear rate increases the viscosity was almost constant, in other words the fluid
does not get thicker or thinner. There were some slight changes in the viscosity with shear rate,
but it could be an artifact of the instrument due to the low viscosity of the solutions/dispersions.
This is in agreement with the previous studies on rheological behavior of dextran. (Farahnaky et
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al., 2012) Slight increases of viscosity with shear rate was observed at the lower range of the shear
rates applied (i.e. up to 10-150, 1/s) which in turn it eliminates the possibility of effect of turbulent
flow on the recorded viscosities, but measurements could be in the limit of the instrument reading,
so measurements at shear rates higher than 30 1/s are considered more representative and accurate.

Figure 3.5. Viscosity versus shear rate plots for A: 1.5 wt.% Sodium caseinate, B: 10 wt.%
Sodium caseinate, C: 5 wt.% Dex100, D: 10 wt.% Dex100, E: 1.5 wt.% Sodium caseinate + 5
wt.% Dex100, F: 1.5 wt.% Sodium caseinate + 10 wt.% Dex100, G: 10 wt.% Sodium caseinate +
5 wt.% Dex100 and H: 10 wt.% Sodium caseinate + 10 wt.% Dex100
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Figure 3.5 continued

Further the flow behavior indices of the centrifuged sample solutions were measured for both
phases as shown in Fig 3.6. Viscosity of the bottom and top phase of the centrifuged mixed
biopolymer samples are presented in Figure 3.6. At lower concentrations, both phases showed a
similar behavior indicating the presence of both proteins and polysaccharides. As the concentration
of the sodium caseinate was increased in the mixed biopolymer system, a distinct change was
observed in the viscosities of the top and bottom phase. The top phase exhibited viscosity behavior
similar to the individual Dex100 solutions. This suggests that the top phase was rich in
polysaccharide, which was even observed by the phenol sulfuric acid test. On the other hand, the
bottom phase showed a rich protein phase and viscosities similar to the individual sodium caseinate
solutions. Thus, it can be stated that beyond a certain NaCas concentration that depends on the
dextran used (pH 7 and 3mM of sodium azide), repulsive interactions occur between the twomixed biopolymer.
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Figure 3.6. Viscosity versus shear rate profiles for phase separated solutions containing A: 1.5
wt.% Sodium caseinate + 5 wt.% Dex100, B: 1.5 wt.% Sodium caseinate + 10 wt.% Dex100, C:
10 wt.% Sodium caseinate + 5 wt.% Dex100 and D: 10 wt.% Sodium caseinate + 10 wt.%
Dex100

3.2.6. Viscoelastic behavior of NaCas and Dex solutions
The effects of different mixtures of NaCas and Dex100 solutions on the elastic modulus (G’) and
viscous modulus (G”) are shown in Figure 3.7 shows the effect of Dex at various levels of NaCas
(from 1.5 wt.% to 10 wt.%) and the experimental reference/control curve of the pure Dextran
solution (NaCas=0 wt.%). As illustrated, there is a positive effect in terms of increases in elasticity,
but it tends to decrease with high NaCas concentrations. Interestingly, as shown in Figure 3.7 and
3.8 it was found that G’ approaches G″ over the whole range of frequency (1-10Hz) for the mixed
NaCas-Dex samples, thus suggesting a weakening of the dextran- structure.
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Figure 3.7. G’ (open symbols) and G” (filled symbols) against frequency (rad/s) for sodium
caseinate dispersions, 10 wt.% Dextran (☐), 10 wt % NaCas (Δ), 10 wt% (Dex100 +NaCas) (Ο)

For these cases, the polysaccharide appears to lose its capability to stabilize the mixture, and if
used at relatively higher concentrations, the mixture undergoes phase separation. The upper phase
is rich in dextran and the lower phase is rich in sodium caseinate. This phase separation could be
a result of depletion interaction. Depletion interaction is caused by a repulsive proteinpolysaccharide interaction, leading to an attractive interaction between the globular proteins
(Tuinier, ten Grotenhuis, Holt, Timmins, & de Kruif, 1999). Similar behavior has been previously
observed for milk protein and polysaccharide interactions such as casein-pectin (Maroziene & De
Kruif, 2000), casein-xanthan systems (Hemar, Tamehana, Munro, & Singh, 2001b) casein-guar
(Bourriot et al., 1999a) casein-carrageenan (Langendorff et al., 1997). However, behavior by
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depletion of the protein particles generally generates a rise in the viscosity of the system. (K. G.
De Kruif & Tuinier, 1999)

The polysaccharide studied here showed incompatibility with milk proteins, as shown by the phase
diagrams, particle size and viscosity behavior in solution (HadjSadok et al., 2008). Microscopic
phase separation, driven by thermodynamic incompatibility and depletion flocculation, must occur
prior to macroscopic separation. To produce macroscopic separation, the discrete, caseinate rich
phase at higher concentrations must sediment, leaving an increasing volume of dextran at the top.
At the lower concentration, either a weak gel-like structure was formed that was not detected by
the rheological techniques or sodium caseinate and dextran showed weak interactions to form an
entangled polymer network that resisted phase separation.

Thus, the effect of sodium caseinate and dextran concentrations and their interactions on the
viscoelastic behavior of their aqueous mixtures was studied. For this purpose, series of tests were
prepared and characterized, and the results were studied with the assumption that these effects are
nonlinear and that the interactions of order one can exist. It was observed from this study, that
beyond a certain NaCas concentration (at pH 7), repulsive interactions occur and consequently a
decrease in the storage modulus G' is obtained. This phenomenon does not generate systematically
a macroscopic phase separation. However, at higher concentrations segregative interactions
between NaCas and Dex100 inevitably lead to a phase separation, one rich in dextran and the other
in sodium caseinate.
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Conclusions
For mixed systems containing sodium caseinate and dextran, the results showed that molecular
weight of dextran and concentration of milk protein affected the phase behavior of the mixture.
On addition of sodium caseinate solution to an aqueous solution of dextran, there was a decrease
in the turbidity and the particle size of the system, indicating the possibility of incompatibility of
the biopolymers. This could be because, at neutral pH, sodium caseinate has a net negative charge
and thus does not show a strong associative interaction with the neutral polysaccharide.

Studies conducted using Isothermal Titration Calorimetry (ITC) further showed the absence of
strong associative interactions between the two biopolymers. At pH 7, small change in enthalpy
was observed, on mixing sodium caseinate with dextran, which suggested that there was little
interaction between the protein and polysaccharide. Chemical and viscoelastic analysis conducted
on samples containing higher concentrations of sodium caseinate and dextran showed a biphasic
solution, one phase rich in protein and the other rich in polysaccharide. Development of phase
diagram for the mixed system has indicated that upon separation, the bottom phase is caseinateenriched while the top phase is polysaccharide-enriched phase. Rheological studies were further
conducted on the mixed biopolymer that investigated whether the continuous phase during
rheological measurements is the polysaccharide enriched or the caseinate enriched one. The exact
composition of the two phases is unknown during the rheological experiments; however, the
system tends to show rheological characteristics similar to the phase separated system.
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CHAPTER 4. INTERACTIONS BETWEEN SODIUM CASEINATE AND
MALTODEXTRIN

4.1. Objectives

The objective of this research was to understand the effect of the nature interactions between
sodium caseinate and a neutral polysaccharide, maltodextrin, on the physio-chemical properties of
the mixtures. To understand the nature of interactions between the mixed system consisting of
sodium caseinate and maltodextrin, rheological, turbidity and chemical analysis were conducted,
just like the previous study. Physiochemical properties of the mixed systems were studied at
varying protein and polysaccharide concentrations to identify various interaction regimes. The
effect of a branched polysaccharide on the nature of interactions with a milk protein was made
possible through maltodextrin studies.

4.2. Results and Discussions
4.2.1. Turbidity Measurement
Turbidity measurements were performed in order to determine the influence of added sodium
caseinate on aggregation and phase stability of maltodextrin solutions at neutral pH. Absorbance
of the individual caseinate and mixed caseinate-maltodextrin mixtures was measured, and the
results are shown in Figure 4.1. Maltodextrin samples formed clear solutions at concentrations of
0.5 and 1.0% w/w (data not shown). Individual NaCas samples formed slightly turbid solutions
with increased in turbidity with an increase in the concentrations of the caseinate shown in Fig 4.1.
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Figure 4.1. Absorbance measured at a wavelength of 450nm A) NaCas B) NaCas + 0.5 % MD C)
NaCas+1.0% MD
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Suspensions of NaCas and Maltodextrin at lower concentrations were much less turbid. The
increase in the absorbance measurement was a result of the increase in the sodium caseinate
concentration in the mixture. Binary systems were prepared from single stock solutions at 25°C.
upon mixing, solutions went cloudy, indicating that they consist of phase separated inclusions
large enough to scatter visible light.

At low concentrations of maltodextrin used in the study, it was found to make soluble solutions.
On addition of sodium caseinate, owing to the larger particle size of the sodium caseinate particles,
at higher concentrations, the mixed system was found to show higher absorbance values. This
observation was due to the increase volume fraction of the sodium caseinate in the mixture. This
behavior was also confirmed by the cloudy nature of the mixture observed on addition of sodium
caseinate to maltodextrin solutions. Thus, the changes observed in the turbidity of the mixed
samples were a result of increasing concentrations of sodium caseinate.

4.2.2. Phase Separation
Centrifugation of the samples (25000 rpm at 25°C) resulted in separation, with a bottom layer
consisting predominantly of protein, and a translucent top layer being rich in maltodextrin. This
separation was studied further by measuring the carbohydrate content using phenol sulfuric acid
test and protein content using Biuret test (Appendix B).

Total carbohydrate concentration of the top and bottom phase with the addition of NaCas to 5 wt.%
and 10 wt.% maltodextrin solutions were evaluated (see Appendix B). After 24 h, phase separation
was observed for all the mixed samples with sodium caseinate concentrations 5 and 10 wt.% and
a maltodextrin concentration of 10 wt.%. For the control samples consisting of solutions with 5
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wt.% and 10-wt % maltodextrin concentrations clear solutions were observed without appreciable
phase separation prior to the addition of sodium caseinate.

At lower concentrations (2.5 wt.% and 5 wt.%) of sodium caseinate, the bottom phase was found
to be rich in NaCas and maltodextrin (Appendix B) whereas the top phase was found depleted of
both components in all the mixtures, suggesting the occurrence of depletion flocculation. This is
in accordance with previous studies conducted by (Manoj, Kasapis, & Chronakis, 1996) where an
investigation into sodium caseinate-low-DE maltodextrin suspensions at neutral pH, and at high
solid contents, revealed the possibility of biopolymer incompatibility, although in a kinetically
trapped state. Evidence for this observed phenomenon stems from the observations of macroscopic
phase separation and the evaluation of the rheological properties for the mixed systems.

Figure 4.2 illustrates the phase diagram of sodium caseinate-maltodextrin mixtures at higher
concentrations. The binodal curve (solid line) separates the 1-phase region from the 2- phase region
above the line. Analysis of the composition of these 2 phases indicated that the top phase was rich
in polysaccharides and the bottom phase was rich in protein. This suggests thermodynamic
incompatibility, which results in a protein-rich phase and a polysaccharide-rich phase.
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Figure 4.2. Phase diagram of the Caseinate-Maltodextrin mixture, pH 7, Binodal (solid curve);
initial mixtures (×); upper phase (☐); lower phase (■)

4.2.3. Rheological properties of single maltodextrins and sodium caseinate solutions and their
mixtures
Oscillatory measurements were applied to study the viscoelastic properties of the individual
components, NaCas and maltodextrin, and their mixtures, in relation to temperature and protein
concentrations. Changes in the viscoelastic properties were monitored to characterize the
molecular structure of the polymers and give an insight into the phase behavior of the biopolymer
system. Figures 4.3 A and B show the development of G' and G" for a 10 % w/w maltodextrin
dispersion, during temperature and frequency sweep. A sharp decrease in the storage modulus,
following an initial 'lag period' was observed with the increase in temperature.
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Figure 4.3. Variation of G' (■), G" (Ο) as a function of (A) temperature during heating of
maltodextrin at 10% wt/wt (B) frequency for maltodextrin at 10% wt/wt
Previous studies of rheological behavior of maltodextrin have shown substantial differences in the
pattern of network developed for the two-maltodextrin homologues studied (Kasapis, Morris,
Norton, & Brown, 1993). At concentration levels of 10 wt.%, which is below the minimum critical
gelling concentration, an elastic-like response is obtained with slight frequency dependence on
storage modulus. (Manoj et al., 1996)
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Literature has studied the rheological properties of individual maltodextrin samples at higher
concentrations and has stated that the shorter segments of maltodextrin produce a linear
dependence to modulus, and the dominant frictional forces between adjacent particles lead to the
formation of aggregated helices. On the other hand, maltodextrins with longer chains of showed
higher capabilities for network formation, according to the approach proposed by (Clark & RossMurphy, 1985). Briefly, the network connectivity in the model was defined by the valency of
binding sites per macromolecule, the degree of cross-linking, the proportion of elastically
ineffective network chains and the equilibrium constant between ordered and disordered chain
segments (Manoj et al., 1996).

Figure 4.4 illustrates the viscoelastic behavior of NaCas samples with concentrations of 2.5, 5 and
10 % w/w. Clearly, there is a decrease of G’ with increase in the temperature, It is observed that a
moderate rise in temperature, i.e. an increase of the entropic disorder, disrupts readily the attractive
forces between the NaCas particles and rearranges the system into a predominantly liquid body
(G" > G') (Zhou & Mulvaney, 1998).
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Figure 4.4. Variation of G' (O), G" (■) and as a function of temperature during heating of sodium
caseinate at A: 2.5% (wt/wt), B: 5% wt/wt and C: 10% wt/wt
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Mechanical spectra at the end of the run show a liquid-like structure over the frequency range from
0.01 to 10 Hz in agreement with findings of (Chronakis & Kasapis, 1993) at concentrations (10
wt.%) of NaCas (Figure 4.5). This indicates that the viscous response dominates over the elastic
with little frequency dependence. The ratio of loss to storage modulus (tan δ = 0.1) reveals that the
protein network contains a higher “solvent fraction” than those of maltodextrin and other
biopolymer studied in the literature (where tan δ varies from 0.01 to 0.04) (Kasapis, Morris,
Norton, & Clark, 1993).

Figure 4.5. Variation of G' (O), G" (■) and as a function of frequency for sodium caseinate at A:
2.5% (wt/wt), B: 5% wt/wt and C: 10% wt/wt
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Figure 4.5 continued

Figures 4.6 A and B illustrates the viscoelastic behavior of mixed sodium caseinate-maltodextrin
systems. In the case of caseinate, it is known that the system is closer to a suspension than to a
solution (HadjSadok et al., 2008)(Ghorbani Gorji, Ghorbani Gorji, & Mohammadifar, 2015).
Nonetheless, both one-component systems did not show evidence for any molecular
reorganization. When compared to the behavior of mixed biopolymer samples (2.5% NaCas +10%
Maltodextrin and 5% NaCas + 10% Maltodextrin) to the individual maltodextrin and sodium
caseinate samples, the heating profile of showed similar behavior with increasing temperatures.
Decrease in the storage (G’) and loss modulus (G”) with increase in temperature was observed
across all concentrations of sodium caseinate and maltodextrin.

In contrast, the caseinate-maltodextrin mixed system 10 wt.% (caseinate + maltodextrin) exhibited
different viscoelastic properties. Examining the data from Figs. 4.4, 4.5 and 4.6, it can be observed
that the mixed solutions containing 10% w/w maltodextrin the viscoelastic behavior was controlled
by the polysaccharide, rather than the protein fraction when the concentration of protein is low.
Conversely, at high protein concentrations (10 wt.% caseinate + maltodextrin) the viscoelastic

60
behavior of the mixture is controlled by the protein fraction. These results show the lack of
synergism between these components. . Further results show a structural breakdown occurring in
a temperature range between 65°C and 85°C. and an increase in the tan δ values to >1 % for lower
NaCas concentration. (2.5 and 5-wt%).

Increasing amounts of sodium caseinate further contributes to the development of a substantial
'solvent fraction', dispersed in the maltodextrin matrix, which enhances the viscous component of
the system and produces higher values of G”. The viscoelastic moduli (G’ and G″) of the mixed
samples were much less dependent on frequency and their value was much higher than for
maltodextrin alone. Moreover, although the value of G’ was lower than G” over the frequency
range considered, the G′ curve tended to level off the low frequency range and get closer the G″
curve. This may suggest a slight semi liquid-like behavior resulting from the system structure.
However, the elastic modulus of the system appears very low. Thus, adding sodium caseinate to a
maltodextrin solution can result in the formation of a weakly structured system as it is observed
from the viscoelastic measurements. A more detailed study at higher concentrations of
maltodextrin by Kasapis et al. (1993) suggested that, mixing of conformationally dissimilar
macromolecules (i.e. maltodextrin and sodium caseinate) resulted in biphasic solutions that led to
formation of a composite gel.

61

Figure 4.6. G' (■), G" (O) and as a function of (A) temperature during heating of Sodium
Caseinate and Maltodextrin at 10% wt/wt and (B) frequency for Sodium Caseinate and
Maltodextrin at 10% wt/wt

Previous studies have demonstrated that the thermodynamic incompatibility between the
conformationally dissimilar species of thermally unfolded globular milk protein molecules and a
disordered chain of maltodextrin promotes an early phase separation in solution. (Chronakis,
Kasapis, & Richardson, 1996)
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Thus, to further understand the phase behavior properties of the mixed samples, they were
compared to the properties of the individual caseinate and maltodextrin rich samples. The viscosity
behavior of the individual protein and polysaccharide and mixed samples are shown in Figure 4.7.
The flow curve of a system prepared by directly mixing NaCas and maltodextrin is also shown in
Figure 4.7. On mixing the two solutions, the top phase was very close to that of maltodextrin
dispersion whereas at the bottom phase exhibited behavior close to sodium caseinate at higher
concentrations.
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Figure 4.7. Flow curve of the individual and mixed Caseinate Maltodextrin samples.
Maltodextrin 10 % w/w (■), NaCas 10% w/w (▲), Upper Phase NaCas 10%-MD 10% w/w (x),
Bottom Phase NaCas 10%-MD 10% w/w (●)

From the above figure, it is illustrated that the addition of caseinate yields changes in the behavior
of the polysaccharide. The viscosity of the system was much higher than the one of the initial
mixture (Manoj et al., 1996). This illustrates the structuration of the caseinate-enriched phase as a
result of the phase separation process.
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Conclusions
For systems containing maltodextrin and sodium caseinate, at lower concentration of sodium
caseinate, a monophasic system was observed. However, beyond 5 wt.% concentration of sodium
caseinate as well as higher concentration of maltodextrin (10 wt.%), a biphasic system was
observed and confirmed by the protein and carbohydrate analysis. Further, rheological studies on
the individual and mixed biopolymers showed the effect of temperature and frequency on the flow
behavior and the viscoelastic properties. The tendency of G’ to level off away from G” suggested
a formation of liquid like structure at higher concentrations of sodium caseinate. Thus, mixing of
the conformationally dissimilar macromolecules of maltodextrin and sodium caseinate resulted in
biphasic solutions, which leaned towards formation of semi-liquid structure. In particular, the
proportion of solvent associated with the maltodextrin phase is reduced on addition of sodium
caseinate as it ceases to be the supporting phase and becomes the discontinuous phase.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
Conclusions
The study of sodium caseinate and poly-glucose systems aims at a better understanding of phase
separation phenomena observed in biopolymer mixtures relevant to the food industry. In this study,
the phase separation behavior resulting from the nature of interactions between sodium caseinate
and dextran/maltodextrin was investigated. The present experimental work showcases that a
combination of techniques such as light scattering, turbidity measurements, calorimetry as well as
physical techniques such as centrifugation, melting profiles, mechanical spectra, can be used to
characterize the molecular organization and the phase structure of mixed biopolymer systems as a
function of the individual biopolymer composition. The results from these techniques can be
complimented with the viscoelastic properties of the individual and mixed systems.

In case of dextran-sodium caseinate mixtures, the difference in the particle size of the two
biopolymers and the high-volume fractions of sodium caseinate result in phase separation of the
mixed system. These results were complemented through the rheological studies and phase
diagrams for the system, indicating the formation of two separate phases, each one rich in
individual biopolymer. For maltodextrin-sodium caseinate mixtures, transition from single to
biphasic system was observed as the concentrations of sodium caseinate and maltodextrin were
increased. Rheological studies on these systems suggested the formation of a liquid-like phase,
owing to the dissimilar structure of the two components and eventually leading to phase separation.

Through these two studies, we have demonstrated that thermodynamic incompatibility between
the conformationally dissimilar species of thermally unfolded globular molecules of milk protein
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and disordered chains of poly-glucose compounds like dextran and maltodextrin, promotes an
early phase separation in solution. Also, the model compounds for polysaccharides used in this
study, dextran and maltodextrin, bear resemblance in structure to starch (Hermanson, 2015;
Lovegrove et al., 2017; Wang & Wang, 2000). Dextran has linkages that are similar to the ones
found in starch (Neely, 1961). On the other hand, maltodextrin is derived from starch sources and
consist of similar structural units as starch. Understanding the nature of interactions between these
polysaccharide model compounds and sodium caseinate can help in predicting and expanding our
current knowledge of the interaction behavior between sodium caseinate and starch, which are
important components in various food products.

Future Work
The formation of milk protein or maltodextrin continuous gels would allow the resolution of two
different patterns of water distribution in the mixed system. The proportion of solvent associated
with sodium caseinate phase would cease to be the supporting phase. Literature has showed that
the maltodextrin inclusions are roughly spherical and has suggested that an increase in the amount
of solvent associated with the maltodextrin phase would increase its surface-to volume ratio as the
water tries to diffuse in the anisotropic medium. Thus, the role of the solvent i.e. water distribution
and its mobility would allow us to understand the partition of solvent between the constituent
structures. By using NMR technique, the spin-spin relaxation time (T2) which is particularly
sensitive to changes in molecular mobility will serve to differentiate more mobile molecules from
the more `immobile. Confocal Laser Scanning Microscopy (CLSM) would lead to a better
understanding of the phase-separated samples can study the structure of the systems.
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APPENDIX A: CARBOHYDRATE AND PROTEIN ANALYSIS METHOD
Carbohydrate Analysis
The method used for determining the carbohydrate content was similar to the one developed by
DuBois et al. (DuBois, Gilles, Hamilton, Rebers, & Smith, 1956) Two milliliters of sugar solution
were pipetted into a colorimetric tube followed by addition of 0.025 ml of 80% (by weight) phenol
solution. 2.5 ml of concentrated sulfuric acid was then added to the mixture. Tubes were allowed
to stand for 10 minutes, shaken, and then allowed to stand further for another 10-20 minutes in a
water bath maintained at 25-300C. The absorbance of the samples was measured using a
spectrophotometer at a wavelength of 480 µm. Blanks were prepared by using deionized water
instead of the sugar solution. Samples were run in triplicates to avoid contamination losses and for
statistical analysis. The amount of sugar in the samples was determined by using the standard curve
prepared using the sugar used in the study.

Protein Analysis
Protein analysis on the samples was performed using a Bicinchoninic Acid (BCA) protein assay
kit, using the principle of the Lowry procedure established in 1951 (Brown et al., 1989; Lowry et
al., 1951; Wiechelman et al., 1988). The detailed procedure was obtained through Sigma-Aldrich
(Sigma-Aldrich, n.d.). The first step in this method involves the preparation of the BCA working
reagent, which is prepared by mixing 50 parts of reagent A to 1 part of reagent B. Reagent A is a
solution containing bicinchoninic acid, sodium carbonate, sodium tartrate and sodium bicarbonate
in 0.1 N NaOH solution (final pH of 11.25). Reagent B consist of a solution containing 4% (w/w)
copper (II) sulfate pentahydrate.
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For analysis using a 96 well plate assay, 25 µl of protein sample is mixed with 200 µl of BCA
working reagent. The samples could either be a blank, a BSA protein standard or an unknown
sample. The BSA protein standard solution consists of 1 mg/ml bovine serum albumin in 0.15 M
NaCl with 0.05% sodium azide added as a preservative. The protein assay samples are sealed and
incubated at 370C for 30 minutes. The protein concentration in the sample is adjusted to 200-1000
µg/ml. The absorbance of the sample is read at 562 nm. The protein concentration in the unknown
sample is determined using the standard curve prepared earlier.
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APPENDIX B: CARBOHYDRATE AND PROTEIN ANALYSIS RESULTS
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Figure B1. Total carbohydrate content of Top and Bottom phase from dispersions of milk
proteins with 5 wt.% dextran (Dex100) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with
diagonal stripes going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going up
toward the left = 5 wt.% NaCas, hatched bars = 10 wt.% NaCas
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Figure B2. Total carbohydrate content of Top and Bottom phase from dispersions of milk
proteins with 10 wt.% dextran (Dex100) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with
diagonal stripes going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going
toward the left = 5 wt.% NaCas, hatched bars = 10 wt.% NaCas
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Figure B3. Total protein content of Top and Bottom phase from dispersions of milk proteins with
5 wt.% dextran (Dex100) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with diagonal stripes
going up toward the right = 2.5 wt. % NaCas; bars with diagonal stripes going up to left = 5
wt.% NaCas; hatched bars = 10 wt.% NaCas.

Figure B4. Total protein content of Top and Bottom phase from dispersions of milk proteins with
10 wt.% dextran (Dex100) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with diagonal stripes
going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going up toward the left
= 5 wt.% NaCas; hatched bars = 10 wt.% NaCas
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Figure B5. Total carbohydrate content of top and bottom phase from dispersions of milk proteins
with 5 wt.% Maltodextrin (MD) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with diagonal
stripes going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going up toward
the left = 5 wt.% NaCas; hatched bars = 10 wt.% NaCas

Figure B6. Total carbohydrate content of top and bottom phases from dispersions of milk
proteins with 10 wt.% maltodextrin (MD) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with
diagonal stripes going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going up
toward the left = 5 wt.% NaCas; hatched bars = 10 wt.% NaCas
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Figure B7. Total protein content of Top and Bottom phase from dispersions of milk proteins with
5 wt.% maltodextrin (MD) at pH 7. Light gray bars = 1.5 wt.% NaCas; bars with diagonal stripes
going up toward the right = 2.5 wt.% NaCas; bars with diagonal stripes going up toward the left
= 5 wt.% NaCas; hatched bars = 10 wt.% NaCas.

Figure B8. Total protein content of Top and Bottom phase from dispersions of milk proteins with
10 wt.% maltodextrin (MD) at pH 7. Light gray bars = 1.5% NaCas; bars with diagonal stripes
going up toward the right = 2.5% NaCas; bars with diagonal stripes going up toward the left =
5% NaCas; hatched bars = 10% NaCas
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